
//'I

PHYSICAL PROPERTIES OF SALT

ANHYDRITE, AND GYPSUM-

PRELIMINARY REPORT

By Eugene C. Robertson, Richard A. Robie, and Kenneth G. Books

Trace Elements Memorandum Report 1048

UNITED STATES DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY



bi TOD BUM."

I
r/ol

OTITED STATES DEPARTMENT OF THE IBTERIOR 

GEOLOGICAL SURVET

PHYSICAL PROPERTIES OF SALT, AJ8HIDRITE, AHD GYPSUM 

PRELIMIHART REPORT *

Eugene C. Robert son, Richard A. Robie, 

and Kenneth. G. Books

August 1958

Trace Elements Memorandum Report

This preliminary report is distributed 
without editorial and technical review 
for conformity with official standards 
and nomenclature. It is not for 
public inspection or quotation.

*This report concerns work done on behalf of Albuquerque 
Operations Office^ U. S. Atomic Energy Commission.

DEC 0 9 2001



USGS - TEM-lQil-8

Distribution Kb. of copies

Albuquerque Operations Office (j. E. Reeves) .......... ." 10
Division of Reactor Development, Washington (j. A. Lieberman). . . 5
Division of Research, Washington (D. R. Miller).,.,. .<,,.... 2
Office of Operations Analysis 8s Planning, Washington (P. C. Fine). 1

Chemistry Division, Argonne national Lab. (W. M. Manning). .... 1
Chemical Tech. Div., Oak Ridge Hatl. Lab. (F. R. Bruce). ..... 1
Engineer Research & Development Lab., .Ft. Belvoir, Va.

(Chief, Special projects Branch),... ................. 1
Health Ebysics Div., Oak Ridge Hatl. Lab. (F. L 0 Parker) ..... 3_
Los Alamos Scientific Laboratory (j. H. Ball). .......... .1
Univ. Calif. Radiation Lab., livermore (G» W. Johnson) ...... 10
U. S. Haval Ordnance Lab., White Oak, MI. (j. E. Ablard) ..... 1
U« So Baval Radiological Lab., San Francisco ($, E» Ballou). ... 1

U. S. Geological Survey:
Alaskan Geology Branch, Menlo Park ................ 1
Engineering Geology Branch, Denver ................ 10
Fuels Branch, Denver ....................... 8
Geochemistry and Petrology Branch, Washington. .......... 5
Geophysics Branch, Washington. .................. 10
Military Geology Branch, Washington. . . . ........ . . . . 2
Mineral Deposits Branch, Washington. ............. » . 2
Radiohydrology Section, Washington ................ 6
TEPCO, Denver. .. 0 ..... ^ . c .............. 1
TEPCO, Washington (including master) ...... 0 ........ if

	86

OFFICIAL USE OILY



OFFICIAL USE OUT

CONTENTS

Page

Abstract..................................................... 5
Deformation of salt,, "by Eugene C. Robertson................... 7
Heats required to raise the temperatures of three
evaporite rocks at 1,500° and to 2,QOO°C, "by
Richard A. Robie........................................... i^

Tables of physical properties^ compile^ "by
Kenneth G. Books............................................ 1Q

ILLUSTRATION

Figure 1. Effect of temperature on the deformation of
salt (after Theile, 1932)................„....... 9

TABLES

Table
1. Heat contents of NaCl and CaSOlj.*........................ ilf
2. Heat required to raise CaSOl^ to 2>000°C................. 16
3. Heat contents of CaCOj at 1,500°C and at 2,OOQ°C........ 18
4. Beat required to raise the temperature of 100

grams of three rocks to 1,500°6 and to, 2,000°C-*-.•....».. •[$
5. Density of anhydrite, gypsum, and halite rocks

at ordinary temperature and pressure.*....„........... 19
6. Density of anhydrite, gypsum, and halite minerals

at ordinary temperature and pressure....... „ „ ...<,...,. £1
7. Density of sodium chloride at high temperature.......... 2"5
8. Density of fused NaCl................................... 25
9. Compressibility of anhydrite and halite at

ordinary temperature and pressure.................... ?:4
10. Compressibility of anhydrite, gypsum, and halite

at various temperatures.... <,............ „............. 25
11. Compressibility of MaCl at temperatures from

27° to 804°C............ 0 ......................... 0 ... 25
12. Relative volumes of NaCl at 25°C»....................... 26
1J. Thermal expansion of single crystals of

halite and gypsum.. .... o............................ 28
14. Viscosity of sodium chloride............................ 2^
15. Elastic moduli of anhydrite, gypsum, and halite

at-ordinary^ temperature and pressure................... JO
16. Elastic constants of Had at ordinary

temperature and pressure.........„.................... 31

OFFICIAL USE OHLY



OFFICIAL.USE OHLY

Page

17. Elastic coefficients of Had at ordinary
•teiaperature and pressure.......................... 31

18. Variation of elastic-Constants of EPaCl with
temperature........................................ 32

19. Variation of elastic coefficients of
NaCl with temperature................................. 33

Note for Table 19. Adiabatic elastic moduli of KaCl.... 3^
20. Magnetic susceptibilities of anhydrite, gypsum,

and halite.................................. n ........ 36
21. Miscellaneous physical properties of salt.............. 38

OFFICIAL USE OILY



OFFICIAL USE OBLI

PHYSICAL PROPERTIES OF SALT, AMHYDRITE, MD GYPSUM

^y-Eugene. C. Robertson, Richard A, Robie, 

" and Kenneth G. Books

ABSTRACT

This summary is the yesult of a search of the available literattire. 

Bxrphasis is placed on the mechanical and calorimetric properties of 

saltj the measurements of elastic, thermal, magnetic, and mass properties 

of salt are merely tabulated.

Under hydrostatic pressure < 1,000 kg/cm^ at room temperature y salt 

deforms plastically to strains > 100 percent at a nearly constant 

stress difference of about 300 kg/cm . Similarily, under temperatures 

> 400°C at one atmosphere, salt deforms plastically to strains > 100 

percent under stress differences of about 100 kg/cm .

Enthalpies were calculated for various temperatures to 2>000°C 

from the low temperature and high temperature heat capacities and the 

heats of solution of the following minerals: salt (or halite), BaClj 

anhydrite, CaSO^; quartz, SiOgj and calcite, CaCO,. Three combinations 

of these minerals were assumed to represent three possible natural 

salt beds, and the heats required to raise the temperature of each to 

1,500°C and to 2>000°C were calculated. For a half and half mixture 

of salt and anhydrite, 1,300 cal/gm were required to raise the tempera 

ture to 2,000°C. For an evaporite containing 60 percent salt and 

about equal amounts of anhydrite, calcite, and quartz, 1,100 cal/gm
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cal/gm are required to raise the temperature to 2,QQQQC»

Most of the measurements of the elastic moduli were made on single 

crystals of salt, anhydrite, and gypsum. For the most part, the measure 

ments of density, magnetic susceptibility, and other properties were 

made on natural salt samples«
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DEFORMATION OF SALT 

By Eugene C. Robertson

The deformation of salt, Had, has been well studies, especially 

during the period from 192^ to 193^ > when important phenomena and 

characteristics of salt were established by Jbffe, Levitsky, Polanyi, 

Rrzibram, Rinne, Schmid, and many others. In the following summary, 

references have been omitted, but in a more complete treatment to 

follow, a bibliography will be listed. An excellent review of the 

studies on salt to 1935 is given in Schmid and Boas (Ch. 7, 1950)-

The effects of the following variables on the yielding and 

fracturing of salt have been studie<J; temperature, hydrostatic 

pressure, time, composition (both with regard to sample impurities and 

to chemical environment during the test), and the previous history of 

the salt.

Yield strength of a solid may be defined as the maximum stress 

difference at the beginning of large deformation by plastic flow. This 

definition is arbitrary, and does not account for time effects. The 

yield strength varies from 10 to 1,000 kg/cm^, depending on the exper 

imental conditions.

To compare the crystal lattice effects with the macroscopic effects 

of yielding, the start of submicroscopic inelastic strain was observed 

by change of color of the sample, by the onset of birefringence in the 

sample under polarized ligjit, and by asterism of X-ray Laue patterns 

taken during the tests. These internal effects indicated a slightly
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lower (10 to 20 percent) yield strength in comparison with external 

yielding.

Q3ae size effect on the yield strength of salt is large; the tensile 

strength of a circular cylinder in air increases exponentially for cy 

linder diameters < 0.5 mm (about 1,000 kg/cm2 for d = 0.03 w&)*

Some observations were made on yielding by twin or translation 

gliding in single crystals as a function of orientation. !Ehe most 

important twin-gliding is on the dodecahedron (llO) toward [110],

Rapture strength may be arbitrarily defined as the maximum stress 

difference at the beginning of large deformation by fracturing. Most 

of the deformation tests that have been reported were in tension, but 

many were in compression or in torsion. !Ehe rupture strengths of salt 

in air by the three methods are roughly equal, between 10 and 100 

kg/cm .

The origin of the salt specimen is important in determining its 

rupture strength; melt-grown salt is stronger than compacted salt, 

which is in turn usually stronger than natural salt; however, natural 

salt is highly variable. Annealing of a sample of any origin at kOQ° 

to 600°C reduces the rupture strength to a common value of about 

25 kg/cm2 .

Ihe effects of temperature on salt is shown in figure 1 (after 

!Eheile, 1932 )s the rupture strength is increased by increase of 

temperature, whereas the yield strength is sharply decreased. Cohesion 

is enhanced, and so ductility is highly increased by increase of 

temperature. However, only the maximum stresses at rupture were
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Figure 1.—Effect of temperature on the deformation of salt (after 
Theile,, 1932)

OFFICIAL USE OHLY



OFFICIAL USE OKLY 

10

recorded by Theile, so the strains had to be extrapolated, as shown try- 

the dashed lines in figure 1.

Salt under hydrostatic pressure,, P, at room temperature, has a 

maximum yield strength (stress difference) of about 300 kg/em^, beyond 

which increase of p has small effect. Although measurements extend 

only to P = 600 kg/cis?, it is probable that even for very much higher 

P the maximum compressive yield strength will not be > 500 kg/cm « 

Ihese results apply only for slow loading rates; with impact loading 

under hydrostatic pressure > the strength will probably be 2 to 3 

times greater.

With fairly rapid loading in air, salt is brittle, and the strength 

is about lj-5 kg/cm . With very slow loading, the salt is strain 

strengthened, and the strength may be 10 times higher.

Very few studies have been made of the creep of salt, and so 

studies have been made of impact loading, either in air or under hydro 

static pressure.

An Impurity of about 0.02 mole percent of CaClg, or of SrCl2> or 

of PbClg increases both the yield and rupture strength of salt as much 

as 3 times that of pure salt. The startling result of deforming salt 

in a water bath is to increase its rupture strength 20 times; this has 

become known as the Joffe effect.

It has been found that the permeable channels in natural salt may 

be sealed off very effectively, reducing permeability from 1.0 to 

< 0.01 millidarcies, by subjecting a surface of the salt to a flowing 

water solution, under low pressure. This may have considerable

OFFICIAL USE OILT
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importance in plans to use natural salt beds or domes as containers of 

large amounts of fluids.

The salt expose^ in salt mines behaves as a brittle solid for 

the most part, with only slight creep strain. This is probably because 

all the existing mines are relatively shallow and therefore are at 

relatively low temperature and low mean pressure. Judging from lab 

oratory tests on the effects of hydrostatic pressure on salt at room 

temperature, stress differences of 50 to 100 kg/cm2 are enough to cause 

fracturing in the dry (< 1 percent water) salt in the mines. The 

fracturing in the mines is exhibited hy heaving of the floor and back, 

and by slabbing of walls, especially of pillars. As an approximation, 

large plastic flow probably will begin to predominate over fracturing 

in workings in salt at 5>000 to 4,000 feet depth.

The effects of the Rainier test, may be used to predict the effect 

of a nuclear explosion underground in salt. All the thermal radiation 

will be emitted so rapidly (most of it in < 1 second) that there will 

not be time to conduct Jaeat away from the melted and vaporized salt 

surrounding the test chamber. Some of the thermal radiation (say one- 

third) will be converted into mechanical energy, which will be added 

to the shock wave emitted by the device, so tjiat the shock wave train 

may transmit as much as 65 percent of the total energy outside the 

melted shell. The mechanical properties of salt therefore take on 

considerable importance.

As natural salt in most salt beds and domes have a porosity of 

only about 2 percent, the salt cannot absorb shock energy by large
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compression (that is, by large reduction of volume) such as occurred in the 

Rainier test. In that test the rhyolite tuff, which has a porosity of 35 

to 50 percent, was highly compressed. In salt, a large proportion of shock 

energy will "be absorbed by plastic flow and by fracturing, and a moderate 

proportion will be transmitted beyond the zone of flow and fracturing as 

elastic energy in the form of a compressional wave. Reflection of the 

elastic wave at the surface may produce tensile stress greater than the 

tensile strength, which would cause a crater and additional fracturing.

If the device to be set off in the salt is 10 kilotons (as stated 

in the newspaper release), the proposed 1,200 foot depth may be deep 

enough to contain the blast, but probably will not be deep enough to con 

tain the vapor products. Although 200 feet is the approximate limit of 

large fracturing damage in the tuff of the Rainier device of 1.7 kilotons, 

the limit in salt may well be 10 times greater in a 10-kiloton blast in 

salt because salt has a greater capacity for transmitting shock energy 

than tuff.

It need hardly be mentioned that fractures open to the surface may 

allow vaporized salt and radioactive products to escape, with Na^4", Cl^°, 

etc. being released into the atmosphere.

References cited

Theile, W., 1932, Temperaturabhangigkeit der Plastizitat und Zugfestigkeit 
von Steinsalzkristallen, Zeit. f. Physik, v. 75, p. 763-776.

Schmid, E., and Boas, W., 1950, Plasticity of crystals (a translation from 
the German, "Kristallplastizitat"), F. A. Hughes & Co., Ltd., London, 
353 P.
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HEATS REQUIRED TO RAISE THE TEMEERATPRES OF

THEEE EVAPORITE ROCKS T0..1,5QO° AND TO 2,000° C

By Richard A. Robie

Had (lalite)

Sodium chloride melts at 1,Q73°K and boils to a molecular vapor 

of BaCl molecules at 1,738°K. The heat required to raise the tempera 

ture of a mole (58.^5 grams) of HaCI to 1,773°K (l,50Q°C) or 2,275°K 

(2,OOQ°C) is given by the relation:.

'738

Data for the heats of melting and of vaporization, and for the 

enthalpy of the solid and liquid phases have been critically reviewed 

by Kelley [l]^ [2] and are adopted here. We have extrapolated the 

enthalpy of the liquid from 1,300°K to the normal boiling point, 1 >738°K, 

and assumed that the diatomic gas is ideal with a heat capacity,, Cp, 

of 9/2 R, (8,9 cal. deg. mole"-*-). In this manner we have constructed
0 O

a table of the enthalpy (HT - £298) *<*" SaCl from 300° to 2,300°K.

The errors at 1,500° and 2,000°C due to (l) the accumulated uncer 

tainties in the heats of melting and vaporization, (2) the extrapolation 

of the enthalpy of the liquid, and (3) the estimate of heat capacity 

of the gas, are of the order of 4,000 calories per mole (68. cal, gnT1 ).

Using the data in Table 1, the heats required to raise one mole 

of HaCl from 25°C to 1,500°C and from 25°C to 2,OOQ°C are 69,200 calories
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Table

T iQjB- . 
Jv.

400

600

800

1000

1073

1073

1200

1400

1600

1723

1723

1738

1738

1773

1900

2100

2273

1«— Enthalpies of NaCl

NaCl

H-H° 
298

—1 cal nrol@"

1,240

3,830

6,590

9,480

(crystal) 10,580

(liquid) 17,430

19,460

22,660

25,860

(liquid) 28,068

(vapor) 68,876

69,200

70,318

72,098

73,640

and CaSo/ 4

cal KB

21.21

65.52

112.74

162.18

181.00

298.18

332*91

387.66

442.40

(crystal)

(liquid)

480.17

1178.3

1184.0

1203.0

1223.4

1259.9

CaStr^

cal mole"1

2,600

8,050

14,850

22,850

31,300

40,500

50,998

57,891

64,591

67,751

179,143

H~H298 

cal SBJ

19.10

59.12

109.07

167.83

229.89

297.47

374.57

425.20

474,41

497.6

1315 »8
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and 73,640 calories respectively, or 1184.0 ± 40 and 1259.9 ± 50 cal. 

gram'1 . 03ie largest portion of this heat is tliat required to vaporize 

KaCl, 698 cal. gram"1 .

(.Anhydrite)

When heated^ anhydrous calcium sulfate undergoes a transformation 

at 1 >466°K and melts with a small amount of decomposition at about 

1,723°K. The total vapor pressure at the melting point is only 0.012 

atmospheres, Kelley [3] gives a somewhat lower melting point and cal 

culates a heat of melting of 6,700 calories mole"1 . We have neglected 

the heat of transition at 1,466°K (probably less than 500 calories) 

and have extrapolated the table in Kelley [l] to the melting point.

We have assumed that the heat capacity of the liquid is 1.1 times 

that of the solid at the melting point (l,723°K) and that it does not 

change with temperature. We have neglected the small amount of decom 

position of the liquid. Tne data are listed in Table 1; the heat re 

quired at 1,500°C is 497.6 calories per gram.

[The heat necessary to raise anhydrite and its decomposition 

products to 2,27'30K is obtained by a different method. We assume that 

is completely dissociated at 2,275°K according to the reaction:

CaO + SOg + 1/2 02 (l) 

Jibte that the stable gases are SOg and Og and not sulfur trioxide. 

This is because the equilibrium:

SO^ a S02 + 1/2 02 (2)

OFFICIAL USE OIL!
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is shifted very far to the right above 1 >^00°K (Evans and Wagman

The heat required to go from the initial state, anhydrite crystals 

at 298° K,: to the final state, CaO + SOg * 1/2 0% at 2,2ff3°K is given

1273

the enthalpy change is the same whether or not the actual process 

followed this path or not.

Tb& heat of reaction (l) was obtained from data in Kossini [5~3 

and Biber and Hblley [ 6] . The enthalpies were taken from the tables 

of Kelley [1], making a small extrapolation for CaO. The results are

Table 2. — Heat required to raise CaSOlj. to 2,000'^C

AH298 (1) + 119,

- 498 (Ca°) + 25, 

(S02 ) + 25

179,1^3 cal mole"1 

or 1315.8 cal gram"-1- 

The uncertainty in these figures is of the order of 50 ca-l gm~^«

OFFICIAL USE 01LT
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Si02 (Quartz)

Quartz is used here to provide an average figure for siliceous 

impurities (such as shale) found in natural salt deposits, tfcon 

heating, c*-quartz undergoes a transition to p-quartz at 848° K, with an 

associated heat of transition of about 290 calories, p-quartz Changes 

to tridymite at l,l43°K and tridymite inverts to cristobalite at

. Cristobalite meltte at 1,986°K, and the heat of fusion id 

al°ries mole"-1-, Kracek [7] . 

Khe required enthalpy data is obtained from Kielley's tables [1];; 

an extrapolation to 2>273°K ig made by assuming the heat capacity of 

liquid Si02 is 1*1 times that of cristobalite at its melting point. 

The results arej BjTv-r-H^gg 2^,150 cal mole"! or ^01*9 cal gmrl 

H2273"H2Q8 27>970 cal mole"1 or 592.0 cal gm"1 

Ihe uncertainty is about 20 cal gpn"1 .

CaC05 (Calcite)

Calcite decomposes upon heating according to the following 

reaction:

CaCO, a CaO + C02 (5) 

At 894°C (l,l67°K) the partial pressure of 009 in equilibrium with 

calcite is 1 atmosphere.

We obtain the required heat value as in the case of anhydrite. 

The heat of reaction (3) is + ̂ 2,500 calories^ to which we add the 

enthalpies of CaO and COa from 298°K to 1 >773°K or to 2,273°K. Ihe
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results are summarized in tfahle 3.

Table 3.— Enthalpies of CaCO^ at 1*500° C and at 2,000°C

_________ Temp 1T73°K _____ ___________ Temp 2273°K 

(3) + 1J-

( c°2)

heat required T9>5?0 cal mole"1 93>^55 cal mole"1

795.0 cal gm""1 935.7 cal gKT1

In Table k we have calculated the heat required to raise the 

temperature of three evaporite rocks of assumed mineral compositions 

to 1,500° and to 2,000°C.

It might be pointed out that for temperatures above 1,500°!? large 

volumes of gaseous BaCl, S02> 0%, and C02 will be released.

OFFICIAL UgE QELY (followed by l8A)



OFFICIAL.USE OKLY 

18A

Table 4«—Heat required to raise the temperature of 100 grams of 
three rocks to 1500°C and to 2000°C

Rock Minerals
Assumed Composition %$no°C ^2000°G 
(vol.7^)' (wt. tjO (cai/100 gm) (cal/100 gtn)

I Halite
Anhydrite

11 Halite
Anhydrite
Calcite
Quartz

III Halite
Anhydrite
Calcite
Quartz

50
50

50
4-0
8
2

60
10
15
15

42.0
58.0

42.51
4.6.90
8.50
2.09

54- 10
12.43
16.91
16.56

49,700
28.900
78,600
± 5,000 cal

50,300
23,300
6,800

84081,240"'

± 5,000 cal

64,000
6,200

13,400
"6.700
90,300
± 5,000 cal

52,960
76.300

129,200
± 10,000 cal

53,600
61,700
8,000
1.200

124,500
i 10,000 cal

68,200
16,400
15,800
9 T 800

110,200
± 10,000 cal

References

1. Kelley, K. K., U. S. Bureau of Mines Bulletin 478, 1949.

2. Kelley, K. K., U. S. Bureau of Mines Bulletin 383, 1935.
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4* Evans, W. H. and Wagman, D. D., Jour, Research Nat. Bur. Stds., 
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TABLES OF PHYSICAL PROPERTIES 
Compiled Iby Kenneth G. Books

Table 5»—Density of anhydrite, gyps-urn, and halite rocks at ordinary
temperature and pressure

Character of 
deposit

anhydrite
do
do

do
do
do
do
do

gypsum
do
do
do
do
do

do
rock salt
salt
impure salt
salt
rock salt
older rock salt
younger rock

salt
clear salt

do

do
do

clear salt

salt

clear salt

Location

Bieinrode salt dome, Germany
Brazoria Co.., Texas
Hockley salt dome, Harris

Co., Texas
Grand Salirie salt dome^ Texas

Bieinrode salt dome, Germany

Gulf Coast
Hockley salt dome, Harris

Co., Texas

Gulf Coast .
Malagash, Nova Scotia

do

Bieinrode salt dfome, Germany
do

Vinnfield salt dome, ¥inn
Parish, La.

Bbekley salt dome, Harris
Co., Texas

do
do

Potash Co. of Am. Mine
Eddy Co.,, Sew Mex.

lockley salt dome, Harris
Co., Texas

Grand Saline salt dome, Texas

Density, 
@a/cm3

2.9-5.0
2.^7-2,93
2.2-2.8

2.37-2.64
2,9
2.9
2.95
2.89
2.2
2.6
2.2
2.2-2.4
2.2-2.4
2.2

2.2-2.6
2.1
2.16-2.22
2.16-2,21
2.14-2.24
2.1-2.2
2,1
2.1

2.17

2.20-2,21

2,19-2.20
2.15-2.18
2.16

2.0-2,2

2.13-2.6

Reference

2
4
4

4
5
1
6
6
1
1
2
2
4
4

5
1
2
2
2
2
2
2

3

3

3
3
3

4

4
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Table 5.—Continued

Character of 
deposit Location

Density
Beference

dark salt 
rock salt 
anhydrite

gypsum

rock salt

Grand Saline salt dpm/e, Texas 2.22-2.25
2.1-2A 
range
2.2-3.0 
average
2.79 
range 
2.2-2*6 
average
2.31
range
2.0-2.4
average
2.16

k 
5, 7
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Table 6.—Density of anhydrite, gyps-urn, and halite minerals at ordinary
temperatoire and presstire

Mineral
Density,

gypsim

halite

2.90-2.999 
average 2.93 
range
2.31-2.33 
average 2.32 
range
2.13>-2.l65 
average 2.159

Reference

CaS^ (anhydrite)
do
do

CaS01$..2BgO (gyps-urn)
do
do
do

BaCI (halite)
do
do
do
do
do
do
do
do

anhydrite

2.957- -02
2.899-2.985
2.9
2.31-2.33
2.3lk-2.328
2.31-2.33
2.32
2.135
2.165
2.1614-
2.l6l
2.16\
2.163
2.16%-
2.15
2.163
range

1
2

15
1
2

11
15
1
2, 8
9

10
12
11
13
14
15

Beferences for Tables 5

1* Birch, F., Schairer, J. F., and Spieer, H. C., 19^2, Handbook of 
constants; Geol. Soc. Am., Special papers, Ho. 36, p. 25»

2. Beiland, C. A., 19^, Geophysical explorations Frentice-Ball> Inc*, 
lew York, If. Y., p. 79.

3. Alien, W. Z«, Caillouet, H. J., and Stanley, L., 1955> Gravity investi 
gations in the Hbekley salt dome, Harris Go., Texas: Geophysics, 
v. 20, no. 4, p. 829-i-O.
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4* Peters, J. W., and Dugan, A. F., 19^5, Gravity at the Grand ".
Saline salt dome, Texas; Geophysics, v. 10., no. 5j p. 376-93*

5. Jakosky, J. J. , 1950, Exploration geophysics? Trija Publishing 
Co., IDS Angeles, Calif., p. 266.

4

6. Bameister, E. , 1957 .» Cta wave propagation and elastic properties 
in samples of sedimentary rocks from deep "borings: 
Geologic Jahrg. 6, Heft 2, p.

7. J&aitjii, W. J., 1950, The cage for gravity data from boreholes: 
Geophysics, v. 15, no. k, p. 605-36.

8. Bbdgman, C. D., Weast, R. c., and Selby, S. M., 1955-1956,
Handbook of chemistry and physics: Chemical Rubber Publishing 
.Co., Cleveland, Ohio, p. 593.

9. Straumanis, M. Z., 1953, Density determinations by a modified 
suspension method, X-ray molecular weigjht, and soundness of 
sodium chlorides Am. Mineralogist, v. 38, p. 662-70.

10. Sathe, H. V., Hialniker, H. L., and Bhide, B. V., 19^5> Dielectric 
constants of inorganic salts: J. Indian Chem. Soc., v. 22, 
p. 29-36.

11. Forsythe, W. Z0 , 195^-j Smiths onian physical tables: Saith. 
Misc. call., v. 120, p.

12. Batuecas, T. , and Carreirra, M. , 1955> Elgh-precision pycno- 
metric investigations on pure substances; Anales real Soc* 
espan. fis. y quim, v. 51B, p. 511-20.

13. Johnston, H. L, , and Eotehison, D» A., 19^-2, Density of sodium 
chloride: Phys. Rev., v» 62, p*. 32-36.

14. Bacher, K., 19^9, Determination of the elastic constants of
rocks by supersonics: Erdal u. Kohle, v. 2, no. 4, p. 125-27.

lational Research Council of the ¥oS.A., 19^> International 
critical tables: McGraw-Etll Book Company, Inc., Hew York,
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[Cable 7»—Density of HaCl aJLhigh temperature

Composition
Temperature Dnsity

crystal liquid

Density Thermal 
difference - -expansion Refer- 
percent of liquid.' ence

BaCl 1.904 1.5^9 18.6

Table 8,—Density of fused UaCl

Weight, T^emperature, 
Composition percent QC

Fused fcCl 100 800
830
884
900
910
968

1100

Density

1.56
1.53
1.50
1.^9
1.49
1.46
i.4o

Temperature limits 
for -whichrrelation Befer- 

iiolds ence

810° - 1000°
do
do

810° - 1000°
do

2
2
2
3
2
2
3

References for Tables 7 and 8

3.

Birch, F., Se&airer, J. F.., Spicer, H. C. ? 19^2, Handbook of physical 
constants: Geol. Soc. Jkisfc, Spec, paper s, Ib. 36, p. 3^»

Biber, R« W. ? Potter > E. V., and St. Glair, I. W. , 1952, Electrical
conductivity and density of fused binary mixtures of magnesium chloride 
and other chlorides: U. S. Bur. Mines, Bept, Invest., Ho. ^858, 
p. 9-14.

Dane, Z. B., Jr., 19^1, Densities of molten rocks and minerals: 
Jour. Sci., v. 239, p. 809-818.
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H&ble 9*—Compressibility of anhydrite and halite at ordinary 
temperature and pressure

Beference

anhydrite
do
do

halite
do
do
do
do
do

anhydrite

1.55
1.55
1.70
4.07
4.30
4.13
4.12
4.20
4.19

•range 1.55-1.70

10
10
10
9

11
11
11
5

12

average 1.60
halite range 4.07-^

average 4.17
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Table 10.—Compressibility of anhydrite, gyps-urn, and .halite
at various temperatures*(P is in bar£ (10" cj^fiae/cm2 ) 
and Vo is the volume at 1 atmosphere and room 
temperature. $ and b are'constant©:.)

* -4V/Vo-aP-bP2 from Birch et al., 1942, Geol. Soc. America Spec* Papers,36, p. 40

Compound

anhydrite
gypsum
halite

0°C

1.84
2.50

20°C 
lo6a

4.23
4.17
4.12
4.14

3Q*,C
lO^a lO^b

4.26 fe.23
4.20 4.60

75°C

106a 10l2fc

4.43 5.38
4.33 4.74

pressure, 
bars

200
200

12,000
12,000
12,000
12,000

Refer 
ence

8, 11
'8, 11
1
6
T
11

Table 11.—Compressibility of Bad at temperatures from 27° to 8o4°C

Temperature (°C)

27
127
227
327
427
527
627
727
777
782
787
792
794
797
799
800
801
802
803
8o4 (melting point)

Compressibility, 
10-12cm^/dyne

4.14
4.31
4.56
5.01
5.48
5-93
6.31
6.57
6.68
6.69
6.69,
6.71
6.71
6.72
6.72
6.70
6.68
6.65
6.58
6.37

Eeference

11
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Table 12.~ Relative volumes of HaCl at 25°C

Pressure, 
kg/em2

1
10,000
20,000
30,000
40,000
50,000
60$ 000
70,000
80,000
90,000

100,000

. Relative 
volume

1.000
0,962
0.932
0.907
0.885
0.865
0.848
0.832
0.817

. 0.803
0.790

Reference

2, 3, *•

Beferences for Tables 9 through 12

1.

2.

Bridgaan, P. W., 1930, G3ie elastic moduli of five alkali halidesj Brov. 
Am. Acad. Arts and Sci., v. 64, p. 18-38,

comparison of 46 substances to 50,000 kg/cm2 ; Krov. Am.
Acad. Arts and 3ci 0 , v. 74, p. 21-51.

5- 

6.

7- 

8.

_______, 1945 * !Ehe compression of twenty-one halogen compounds and 
eleven other simple substances to 100,000 kg/cm2; Erov. Am. Acad« 
Arts and Sci., v. 76, p. 1-7.

_______, 1948, Rough compressions of 177 substances to 40,000 
Rrov. Am. Acad. Arts and Sci., v. 76, p. 71-97'

Skater, J. C., 1924, Compressibility of the alkali halidesj Phys. Rev., 
v. 23, p* 488.

^______, 1926, Measurement of tlaa compressibility of the alkali 
halidess Erav* JKC. Acad. Arts and Scl*^ v. 6l, po 135•

Adams, L. H., Williamson, Z. P., and Johnston, J., 1919, 3!he determination 
of the compressibility of solids at high pressures; Jour. Am. Chem, 
Soc., v. 4l, p. 1.

_______, 1951, Elastic properties of the materials of the earth's
crust; Internal Constitution of the Earth, Dover Publications, 
Hew York, H. Y., p. 50-64.
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9. Qverton, W. C., and Swim, R. T->, 1951 > Kie adialaatic elastic constants 
of rock salt: Fhys. Rev., v. 8t, no* k, p. 758-62.

10. Mailer, E., 1955> Ebcperiments on Tfare propagation in rock samples: 
Geol. Janrb., Band 70, p. 127-42.

11. Hunter, L. , and Slegel, S., 19^-2, line variation with temperature of the 
principal elastic moduli of HaCl near the melting point: Riys. Bev,, 
v. 6l, p. 8Jf-90.

12. Rose, F. G., 193^, The variation of the adiahatic elastic moduli of rock 
salt with temperatures "between 80°K and 270° K: Phys. Rev., v. ^-9, 
p. 50.
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The following table shows thermal expansion data for gypsiam and halite. 

Data for anhydrite are lacking. Expansion is given for tlie temperature

range 20° to 100° C for both, gypsum and halite, and near the melting-point for

laCl.

The linear thermal expansion of CaSQ^.SfigQ depends upon orientation with

respect to the crystaHograpnie axis, that of IfoCl does not. Orientations are

given in the second column. Values for volumetric expansion are marked Vol.*1

in this column.

Table 13.-—Thermal expansion of single crystals of halite and gypsum

Expansion from 20U C to indicated temperature,
Temperature

Elements

BaCl,
CaSOlj.

halite
•2H2Q,

Orientation

gypsum //b
-51°12 f to c
38°48 ' to c

vol.

100

• 32
•34
.01
.24
• 58

200

.74

4

1

F °C

00 600

.71 2.82

in percent
Refer
ence

1
1

Reference 

1. Birch, and others, 19^2, Geol. Soc. Am., Special Papers, No. 36, p. 30, 32.
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Table 14.—Viscosity of

Material

Had
do
do

rock salt
do

t°C

18
18

181
80
18

Viscosity, 
poises

6.2xl016
1.8-2.3xl018
2.6x1017

1017
1018

Reference

1
1
1
2
2

References for viscosity

1. Weinberg, B., 1927 > Some results of experimental study of substances 
having considerable internal friction: Indian Jour. Bays., v. 1, 
P. 2T9.

2. Benioff, H., and Gutenberg, B., 1951; Strain characteristics of the 
earth's interior, in Internal constitution of the Earth, Dover 
Publications, Inc., Hew York, H. Y., p.
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15.—Elastic moduli of anhydritej gypsum? and 
lialite at ordinary temperature and pressure

Bock
Young's modulus 
103-1 dynes/em^

Shear modulus 
IQil dynes/em^

Poisson's 
ratio

Eefer-
:erice

anhydrite
do
do
do
do
do 

gypsum & annydrite
do

gypsum 
rock salt

do'., 
anhydrite

gypsum ** 
rock salt **

7.3-7A
7-19 
8.10 
5.36 
6.01 
6.10
5.64
5-43 
3.53 
3.35 
2.8
range
5.56-7.4
average
6.77 
3.53 
range
2.80-3-35
average
3.08

2J

1.96
2.07
2.20

1.24
1 0 £3
1.04
range
1.96-2.81
average
2.52
1,24
range
1.04-1.23
average
1.13

0.295
0.27
0.27
0.360
0.333
0.340
0.20
0.18
0.338
0.366
0.33
range
0.270-0.360
average
3.11
0.338
range
0.330-0.366
average
0.347

12
13
13
13
12
12
2
2

13

I/ Derived from measurements "by the use of the connecting equations for 
isotropic materials.

** Based on meager data.
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Table 16.—Elastic constants of Had at ordinary temperature and pressure
Units of IQll dynes/cm2

Cll

4.91
4.87
4.85
^•99
k.9k
4.83
4.97
Range
4. 83-4.99
Average value
4.89

Ci2

1.23
1.24
1.23
1.31

1 0'28
1.27
Eange
1.23-1.31
Average value
1.26

C44

1.28
1.26
1.26
1.27

1.27
1.27
Range
1.26-1.28
Average value
1.27

References

4
5
6
5
7
8
9

Table 17.—Elastic coefficients of lad at ordinary temperature and pressure
Units of 10""^-5cm2/dynes

S-j_-j_ £>^2 &kk References

21.6
20.9
21.2
23.0
23.2
23.0
24.3
22.8
22.9
range 20.9-24.3
average 22.6
most probable
value 23.0

5.0
5*27
4*5

range 4.5-5.3
average 4.9
most probable
value 5*0

74.2

78.0
78.8
78.09
78.41
range 74.2-78.8
average 77*5
most probable
value 78.0

10
10
10
10
10
10
4
3
11

10
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Tafcle 18.—Variation of elastic constants of KaCl with, temperatiare
ttotits of 1011 dynes/cm2

IPeiapeyatureT/°c)

27
127
227
327
427
527
627
727
777
782
787
792
794
797 ~
799
800
801
802
803
8o4 (melting

point)

• Ckk

1.281
1.2^8
1,21^
1,178
1.159
1»098
1.056
1.000
0.966
0.961 .
0.956
0.952
0.950
0.9^7
0.945
0.943
0,942
0.94o
0.938
0.934

CJ11" C12 Beference

3.663 3
3.258
2.884
£. 536
2*232
1.930
1.632
1.359
1.230
1.218
1.206
1.193
1.188
1.181
1.175
1.172
1.167
1.163
1.157
1.134
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Table 19.—Variation of elastic coefficients of SaCl with temperature

Temperature(°c)

-3
27
27
77
77
97

127
127
177
177
197
227
227
277
277
327
377
427
527
627
727
777
787
797
801
804 (Melting point)

SLL

22.03
22,80
22.90
23-95
24.01
2k ,40
25.23
25.30
26.63
26.71
27.33
28.18
28.23
29.92
50.00
31.85
33-84
35-95
41.14
47.86
56,37
61.60
62.71
63.92
64.53
65.18

•Sia

4.49'
4.50

*

4.98

5.43
5.46

5.96

6.62
6.49

7.03

7.58
8,18
8.85
10.68°
13.42
17.24
19.67
20.20
20.76
21.13
21.98

S44

78.26
78.09
78,41
79.08
79.38
80.36
80. 14
80,45
81.22
81.57
82.85
82.37
82.75
83.61
84.01
84,87
86.32
87.79
91.08
94.74

100.0
103-5 '
104,6
105.6
106.2
107.1

Reference

1
3

11
3

11
1
3
11
3

11
1
3

11
3

11
3
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Hote for Table 19 

Adiabatic elastic moduli of NaCl

The cubic salt crystal has three independent elastic moduli 

and Sij4 which are defined by the following set of equations;

I/™, v = ST, /E(100) -11

1/E » 1/2 (SU + S12 + 1/2 Si^)
(no) 

V0(100)

•where E/^QQ) an<i EfllO) are YounS ts Modulus measured along the (100 ) and 

(lip) axes of the salt crystal and G/^QO) and G/-y_o) are the modulus of 

rigidity measured along the (100 ) and (110 ) axes. For reference Rvalues 

of sll> &L2* an<a- ®kk are reliable^ respectively, to 0.3 percent, 2.0 

percent, and 0.3 percent, except near the melting point, vhere the accuracy 

is 0.1 percent, Q.k percent, and 0.1 percent, respectively.

Eeferences for Tables 15 through 19

1. Birch, F., Schairer, J. F., Spicer, H. C., 19^2, Handbook of physical 
constants; Geol. Soc. Amer., Special Papers, IK). 36, p. 66.

2. Bacher, K., 19^-9^ Determination of the elastic constants of rocks by 
supersonicsj Erdol u. Kohle, v. 2, no. k, p. 125-127.

3. Hunter, L., and Siegel, S., 19^-2, The variation with temperature of the 
principal elastic moduli of Had near the melting point: Phys. Rev., 
v. 6l, p. 8*1-90.

4. Lazuras, D. , 19^9* Variation of the adiabatic constants of H£IL, KaCl, 
CnZn, An, and Al with pressure to 10,000 bars: Phys. Rev., v. ^6y 
p. 5^5-53-
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5. Gait, J. K., 19*18, Mechanical properties of Had, KBr, KS1: Hays. 
Rev., v. 73, p. 1460-62.

6. Euntington, H. B., 1947, "Ultrasonic measurements on single crystals: 
Fhys. Rev., v. 72, p 8 321-31.

7» Kurmi, U., 194l, The determination of the elasticity constants of 
some alkali halide crystals by means of ultrasonic waves: Soc. 
Sci. Finnica, Commentationis, Pays-Math., v. 11,"no. 5, p. 1-59*

8. Overton, W. C., Jr., and Swim, R. T», 1951 j Elastic constants of rqek 
salt: Phys. Rev., v. 84, p. 758-62.

9. Bhagavantam, S., 1955^ Elastic properties of single crystals and 
poly-crystalline aggregates: Proc. Indian Acad. Sic.A, v* 4l, 
no. 3, p. 72r90.

10. Bridgeman, P. W., 1929, The elastic moduli of five alkali halides: 
Jroc. Amer. Acad. Arts and Sci., v. 64, p. 21-38.

11. Subrahmanyam, S. V., 195^ > Temperature dependence of ultrasonic 
velocity in plastics: J. Chem. Hays., v. 22, p. 156-63.

12. Bameister, E., 1957> On wave propagation and elastic properties in 
samples of sedimentary rocks from deep "befrings: Geologic Jahrg. 
6, Heft 2, PC 144-1^7.

13. Mailer, E., 1955^ Experiments on wave propagation in rock samples: 
Geologic Jahrb., Band 70, p. 127-42.
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Magnetic, susceptibility

Magnetic susceptibilities of anhydrite, gypsum^ and halite are given 

in e.g.So units in Table 20. All values fotfnd are lumped together in the 

one table. It may be possible that the more reliable values for anhydrite, 

gypsum, and halite are the values for the pure substances given the 

International Critical Tables-. These are (in*10-6 c.g.s. units) 

respectively, CaSO^: -0.364, CaSO^.233^0s -0.86, lads -0.50.

Table 20.—Magnetic susceptibilities of anhydrite, gypsum, and halite

Material

anhydrite
do
do
do

gjrps-um
do

halite
do
do
do
do
do
do
do

anhydrite
gypsum
halite

anhydrite
gypsum
halite

Bange, 
c.g.s. units^

-10.0 to l.Osclp-6
-1.1
-.36
-.36
-.38 '
- 0 86
-0.4
-1.3 to -3.0
-0.9 to -1.3
-.51 to -.65
-•71
-.50
--50
-.50
averages
-.183
-.62
-.81 prob. around
range
-.10.0 to °.36
-.8^ to -.38
-3.0 to -.50

Average:^ ^ 
c.g<2S. , units ::. ' s

-5.5 x 10-6
wl.l

-.36
-.36
-38
-.86
-0.4
-2.2
-1.1
-.56
-•71
-.50
-.50
-.50

-.50 for pure UaCl

Refer 
ence

2
1
k
6
k
6
1
2
1
3
3
5
k
6
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References for Table 20

1, Heiland, C. A. , 19^0, Geophysical exploration; Prentice- Hall Ihc», 
Key York, I. Y., p. 310.

2. Jakosky, J. J, , 1950, Exploration geophysics; Xrija, Publishing Co,, 
Los Angeles, Calif., p. 165.

3. Peters, J. ¥. , and Dugan, A» F., 19^-5, Gtravity at the Grand Saline 
salt dome, Texas; Geopljysics, v. 10, no. 3> P- 3T^-93*

4. Hodgman, C. p,, Weast, R. C 0 , and, .Selby, B. M., 1955-^6, Handbook of 
chemistry and -physics; Chemical Rubber Publishing Co., Cleveland, 
Ohio, p. 2391, 2396.

5. Forsythe, W. E., 195^, S^itasonian Physical Tables; Smithsonian Misc. 
Coll., v. 120, p. 462.

6. National Research Council of the tlo S e A0 , 1929 > International critical 
tables; v. 6, MeGraw-Eill Book Company, Inc 0 , lew York, 1. Y. , 
p. 560,
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Table 21.— Miscellaneous physical properties of salt

Reference 
Rock salt

Permeability, average, 0.05 to 0.3 millidarcy 1
maximum, 7 millidarcies 

Porosity, range, 0.5 to 1.5 percent
Electrical resistivity, pure, 10° to 10? ohm-cm 2

impure, 10° ohm-cm 2
Thermal conductivity (Holffcrd), 72 •watt-cm'1-deg"1 2 
Dielectric constant, 5.6-6.3 2

Halite (single crystals) 
Thermal conductivity

Temperature Conductivity
°C____ watt cm""-*- deg-1

-190 2o72
0 69.7 2

100 42.0 2
400 20.8 2

References for Table 21

1. Anonymous

2. Birch, F., Schairer, J. F., and Spicer, H. C., 19^2, Handbook of physical 
constants? Geol. Soc. Am., Special papers Ho. 36, p. 2^6, 258, 
318.
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